Abstract. We used a new rapid data acquisition system to examine the role of pre-existing crack density in determining the mechanical properties of crystalline rock. Two similar coarse-grained samples, Tsukuba granite (TG) and granitic porphyry (GP), were used in triaxial compression tests. The main difference between the two rocks is that TG contains main large pre-existing cracks, whereas GP is almost crack-free. In our tests, the two rocks showed significantly different behaviors. In GP, before the fault nucleation, AE activity was low and showed increasing b-values with increasing stress. But in TG, a large number of AEs were observed and showed short-term b-value anomalies -mutual fluctuations on a decreasing background. The short-term fluctuations of bvalues are closely correlated with those of the spatiotemporal clustering of AE locations. Our results demonstrate: 1) pre-existing cracks are the most dominant factor of all heterogeneities that govern the fault nucleation process in laboratory rock samples; 2) failure predictability is dependent on the pre-existing crack density.
Introduction
Laboratory studies have found that the magnitudefrequency relationship in earthquake holds also for acoustic emission (AE) events generated by cracking in rock samples under stress [e.g. Scholz, 1968; LiakopovlouMorris et al., 1994] . Earlier studies found that the bvalues in the magnitude-frequency relation decreased with increasing applied stress [Scholz, 1968] . However, later studies indicated that the b-value also decreased before the main failure of a rock specimen under a constant load [e.g. Mogi, 1981] . Main et al. [1993] proposed a model based on a modified Griffith criterion for a fractal ensemble of cracks and the negative correlation between b-value and stress intensity factor found by Meredith and Atkinson [1983] . Main et al. [1993] predicted that a minimum or double minimum b-value anomaly would be observed corresponding to the strain softening prior to dynamic rupture. Sammonds et al. [1993] observed such anomalies in their experiments. Furthermore, by using a fast data acquisition system to monitor the spatio-temporal distribution of AEs in shale, Lei et al. [2000a] found that a 'multiple minimum' is in fact due to short-term mutual changes on a long-term decreasing background in b-value. This observation corresponds to the hierarchy of quasistatic growth of shear faults (created along the bedding plane of shale) containing strong asperities (quartz-healed fault, which intersect the shear faults). When a shear fault is nucleated, the fault tends to grow quasi-statically with a process zone in the fault front and a following damage zone [Cox et al., 1993] . Lei et al. [2000b] found that in fine-grained hornblende schist, the process zone is governed by progressive triggering of tensile cracking and has a b-value lower than the background activity. On the contrary, the damage zone is governed by shear linking up of cracks and shows a rather low b-value. Therefore, alternate activities in the damage zone and the process zone may also result in a simultaneous change of b-values. The heterogeneities in a rock, including pre-existing cracks, grain boundaries and local strength distribution associated with rock-forming minerals, can be considered as the main reason for the hierarchy of cracking, as well as fault nucleation. In order to understand the role of heterogeneities at different scales, we conducted experimental studies using a new rapid data acquisition system to monitor AEs. This paper reports the results of such experiments on two coarse-grained granitic rocks: the Tsukuba granite (TG) and a granitic porphyry (GP). The main difference between the two rocks is that TG contains many large pre-existing cracks, whereas GP is almost crack-free.
Experiments
Samples of TG and GP were collected from drill cores taken at a depth of about 500 m and 980 m, respectively. The main rock-forming minerals of both rocks are quartz, plagioclase, and K-feldspar. The grain size distributions in two samples are quit similar and have a range from about 1 mm to 1 cm with a peak at ~5mm. The most important mechanical difference between both samples is preexisting crack densities. TG contains many cracks along grain boundaries, intragranular cracks and, in particular, large transgranular cracks (Figure 1-a) . However, GP contains few pre-existing cracks, and the grain boundaries are sealed completely (Figure 1-b) . P-velocities along many paths were measured during the experiments. As demonstrated later, the change of velocity with confining pressure consistent with the observation of pre-existing cracks in two samples. The rapid AE monitoring system used in this study [see Lei et al., 2000a for details] can record AE waveforms without major loss of events, even for AE event rate on the order of several thousand events per second, typical for fault nucleation in rocks. Therefore, it is possible to obtain more complete data sets for time series and hypocenters than before. Moreover, hypocenter data here is a subset of time series data, since the trigger threshold for waveform recording is higher than that for peak detection. Thirty-two piezoelectric transducers (PZT) of 5 mm in diameter and 2 MHz resonant frequency were mounted on the curvilinear surface of the test sample (100 mm in length and 50 mm in diameter) and the two end faces to record the waveform of AE. Our samples have a ratio of 2:1, which is smaller than the usual 2.5:1. In such case, end effects may affect where the shear fault was initiated and the strength of test sample. However, this is not a serious problem in our study since our interesting is comparing the cracking activities during fault nucleation in two rock samples having a same size. The location error of most AEs is generally less than 1~2 mm. Furthermore, 8 cross-type or 16 single component strain gauges were mounted on the surface of the sample for high-resolution strain measurements. The confining pressure was set at 60MPa and held constant. The sample was loaded at a constant stress-rate of 6~7 MPa/minute until failure. Figure 2 shows examples of measured velocities during experiments under confining pressure and axial stress. The pressure free velocities of GP and TG were 6.15 km/sec and 4.60 km/sec, respectively. The velocity of TG initially increased sharply with hydrostatic pressure up to 60 MPa as a result of crack closure. In contrast, the high velocity value of 6.15 km/sec and slight velocity increase with pressure is consistent with the observation that GP is almost crack-free. In these figures, the b-values were calculated using the maximum likelihood estimation [Utsu, 1965] 
Results
, where b is the calculated b-value. In our data, b =0.5~1.5, therefore, the standard error is between 0.025 ~ 0.08. In GP, AE initiated at a stress level of about 450MPa. We observed only 2,500 events before the final failure and 2,000 aftershocks. Before the final failure, AEs are randomly clustered in the sample (Figure 4-a) . This subcritical cracking might be associated to some small defects in the rock. Several foreshocks were observed a few seconds before the dynamic failure. They occurred around the upper end of the fault plane (Figure 4-b) , indicating the initial nucleation of the shear fault. The quasi-static phase before the dynamic fracturing was very short. The last foreshock emitted very strong waveforms and indicates the start of the dynamic fracturing. Since the cracking activity was very low before the dynamic fracturing, no obvious dilatancy observed. The rock fractured in a completely unpredictable fashion, as expected in homogeneous and brittle materials (like glass). The b-value increased slightly from 0.7 to about 1.0 prior to dynamic fracturing and subsequently further increased to about 1.4 for after shocks.
In TG, AE initiated at a stress level of about 400MPa and more than 50,000 events were observed before the final failure. These AEs are mainly located in several dense clusters having a size of ~1 cm (Figure 6-a) . Therefore, the larger pre-existing cracks and grains governed the cracking in TG. The b-value decreased from a initial value of ~1.3 with AE rate increase, and showed large short-term fluctuation on a decreasing long-term background prior to final failure. Finally, shortly before the final fracturing, the b-value reached the global minimum of 0.8. By comparing the b-values with AE rates (Figure 5-b, d) , we found that the minimum in the short-term b-value fluctuations corresponds to a local increase of AEs, which showed spatial clustering (for instance, Figure 6-b) . In contrast with the result of GP, both b-value and AE event rate show precursory changes, indicating that the failure of TG, which has a high density of pre-existing cracks, is in a predictable fashion.
Discussion
As mentioned above, GP is very heterogeneous with respect to the distribution of rock-forming minerals and grain boundaries. But the fracturing process was in a fashion similar to some very homogeneous rocks, having very low AE activity before failure. TG is similar to GP regarding the distribution of rock-forming minerals and grain boundaries. However, GP and TG showed a completely different fracturing process. First of all, the strength of TG and GP under 60MPa confining pressure are 560MPa and 780Mpa, respectively. Pre-existing cracks decreased the failure strength of TG significantly. In TG, AE activity initiated at about 400 MPa and then increased rapidly with increasing stress. In GP, AE initiated at about 450 MPa but showed rather low activity and increased slightly with increasing stress. By using two similar granites, fine-grained Oshima granite (OG) and coarse-grained Inada granite (IG), Lei et al. [1992] found that the spatial distribution pattern and mechanism of cracking are systematically different but the changes of AE event rate with load are quit similar in two rocks. OG has grain sizes less than 2mm but IG has a grain size distribution from 1 to 10mm with an average of ~5mm. The densities of pre-existing cracks in OG and IG are similar but their spatial distributions are strongly affected by grain size. Therefore, these older experimental results of OG and IG and our new results of TG and GP demonstrate that pre-existing cracks are the most dominant factor of all heterogeneities that govern the fault nucleation process in laboratory rock samples. A reasonable mechanism for the dominant role of preexisting crack is that the stress concentration at a crack tip is generally much higher than that caused by any other kind of heterogeneity such as grain distribution.
The changes of the seismic b-value of two rocks are promising and consistent with some theoretical model for subcritical crack growth. Main et al. [1989] proposed a fracture model based on a modified Griffith criterion for a fractal ensemble of cracks and the negative correlation between b-value and stress intensity factor. In this earlier model, the stress intensity factor K is assumed as K=Y X 1/2 , where is the remotely applied stress, Y is a geometric factor and X is crack length. In a more recent paper, Main [2000] modified the earlier model by using a more general form of stress intensity factor: K=Y X q , to accommodate competing negative (q<0) and positive (q>0) processes. The model can be summarized as following. In the case of q>0, the stress intensity factor is modeled as increasing gradually from a value to a critical value for macroscopic failure. But decreasing stress in the strain-softening phase reduces K temporarily and thus results in a rapid increase in K. In addition, experiments showed that K is negatively correlated to the b-value [Meredith and Atkinson, 1983] . Therefore, as a result of the combined effects of crack length and applied stress, both an intermediate-term and short-term b-value anomaly in the form of a double minimum would be observed. This behavior is associated with K reaching a maximum first at peak stress and then at the onset of dynamic failure. In the case of q<0, the sub-critical crack growth is steady due to a negative feedback mechanism. Although above model is based on the experimental results of single crack growth, it is hold for a crack population by introducing an effective value for each parameter.
In TG, the observed b-value minimum at the peak stress and globally minimum at the onset of dynamic failure, agree well with above model for q>0. However, when AE increased rapidly our results showed short-term simultaneous fluctuations in b-value on a decreasing background. The model of Main et al. can be extended to include the heterogeneity of pre-existing cracks in a rock. In such a case, self-organized hierarchy in fault nucleation cannot be disregarded. Furthermore, the subcritical growth of multiple larger cracks becomes easy to be generated simultaneously or alternately in multiple positions. Therefore, interactions between these larger cracks become important. Particularly near the dynamic fracturing, the interactions will be a main factor affecting the local stress distribution and thus also the K factors of the subcritical cracks. As a result, the total behavior will be a combination of the multiple 'double b-value minimum', and therefore, apparently shows mutual fluctuations of the b-value. In GP, we observed b-value increase with increasing applied stress contradicts generally observed the negative correlation between bvalue and load. Based on above model, a negative feedback mechanism (q<0) exists in the early part of the GP test. For understanding the physical cause of such negative feedback mechanism more study is required.
Conclusion
We used a new rapid data acquisition system to examine the role of pre-existing cracks density in determining the mechanical properties of crystalline rock. Two similar rocks with varying pre-existing crack densities were used in triaxial compression tests. In conclusion, our experimental data shows following results. 1) The precursory cracking, which shows changes in AE event rate, seismic b-value and clustering of location which are systematically different between GP and TG, implicating that failure predictability is dependant on the pre-existing crack density at constant loading rate of 6~7 MPa/minute. 2) Pre-existingparticularly larger -cracks are the most dominant factor governing the faulting process, especially the nucleation.
3) Based on the theory of subcritical crack growth [Main, 2000] , TG shows a positive feedback mechanism while GP shows a negative feedback mechanism. 4) The b-value of AE events in GT shows short-term mutual fluctuations on a long-term decreasing background, indicating a close correlation with the alternate occurrence of clustering. This kind of precursory microseismicity is an important feature of fault development in rocks with pre-existing cracks and thus makes the failure predictable.
